The growing importance of the planetary boundary layer (PBL) height detection is apparent in various fields, from air pollution analysis to weather prediction. In recent years micro-lidars such as ceilometers have been recognized as an efficient tool for such measurements. Here, the daytime summer PBL height is measured by eight ceilometers throughout Israel, along with radiosonde profiles, the global IFS model, and the regional COSMO model. The analysis 15 focused on three PBL height evaluation methods: the bulk Richardson method, the parcel method, and the wavelet covariance transform method. The best agreement between the PBL heights derived from a single radiosonde site on 33 summer days was found by the adjacent ceilometer (mean error = 12 m, RMSE = 97 m). Spatial analysis of the PBL heights derived from the models on 13 days in reference to five ceilometer measurement sites revealed 20 COSMO evaluations by the bulk Richardson method (COSMOR) produced the best results for both flat (mean error = 19 m, RMSE = 203 m) and elevated terrain (mean error = -6 m, RMSE = 251 m). To improve COSMOR results, a regression tool was assimilated based on the PBL height difference between COSMOR and ceilometers. The regression is based on the altitude and distance from the shoreline for eight ceilometer sites. 25 30
Introduction
In this era of heavy industrialization, the need to mitigate the detrimental effects of air pollution exposure is unquestionable. However, in order to regulate and establish environmental thresholds, a comprehensive understanding of the air pollution dispersion processes is necessary. One of the key meteorological parameters governing air pollution dispersion is the profiles were analyzed by the gradient and STRAT-2D algorithms. Good agreement was found between the PBL height derived from the ceilometer and wind profiler during the daytime and under cloud-free conditions. However, comparisons to the calculated PBL heights from 65 COSMO-2 model yielded low correlations.
Despite this extensive research, so far, scarce attention has been paid to designate ceilometers as a correction tool for NWP (Szintai and Kaufmann, 2007, Kuhn et al, 2018) . In this study we analyze the daytime PBL height over complex terrain of Israel derived from NWP models and corrected by remote sensing measurements from eight ceilometers. Models and instruments are 70 described in Sect. 3 and Sect. 4, respectively, and PBL height detection methods are presented in Sect. 5. The results of NWP models as compared to in-situ radiosonde and ceilometer measurements are presented in Sect. 6. Finally, conclusions are drawn in Sect. 7 regarding the capabilities of NWP models and the evolution of the daytime PBL height over Israel. 90 Located in the East Mediterranean, Israel obtains systematic radiosonde atmospheric observations twice daily by the Israeli Meteorological Service (IMS) in Beit Dagan. Hence, the opportunity to widen the scope of atmospheric observation by means of affordable, low cost devices such as ceilometers is of utmost interest. This study was conducted using eight ceilometers deployed at diverse sites (Fig.1, Table 1 ), from the Mediterranean climate in north 95 to the arid climate of the southern desert.
Research area
Essentially, as ceilometers produce aerosol backscatter profiles, evaluation of the PBL height during precipitation episodes becomes difficult (Collaud et al. 2014 , Ketterer et al. 2014 , Kotthaus & Grimmond 2018 . Accordingly, in this study, we focused on the summer season, with no precipitation, high relative humidity (RH, up to 80% in midday in the shoreline, IMS 100 weather reports), and sporadic shallow cumulous clouds. On the synoptic scale, the summer is characterized between June-September by a persistent Persian Trough (either deep, shallow or medium) followed by a Subtropical High aloft (Alpert et al., 2004) . As a result, the average PBL height is comparatively low (~ 1000 m a.g.l).
Comprehensive research of the Israeli summer PBL (Neumann, 1952 , Neumann, 1977 , Dayan 105 et al., 1988 , Lieman, R. and Alpert, 1993 , Hashmonay et al., 1991 , Felix, 1993 , Felix, 1994 , Dayan and Rodnizki, 1999 , Dayan et al., 2002 , Alpert and Rabinovich-Hadar, 2003 , Felix, 2004 , Levi et al., 2011 , Uzan and Alpert, 2012 , Uzan et al 2016 is generally described in the following manner: After sunrise (~2-3 UTC) clouds initially formed over the Mediterranean Sea are advected eastward to the shoreline. As the ground warms up, the nocturnal surface 110 boundary layer (SBL) dissipates and buoyancy induced convective updrafts instigate the formation of the sea breeze circulation. The entrance of sea breeze front (SBF) is estimated between 5-8 UTC, depending on the time of sunrise and the prevailing synoptic system. Cool and humid marine air hinder the convective updrafts, thus clouds dissolve and the height of the shoreline convective boundary layer (CBL) lowers by ~250 m. All the while, further inland, 115 the convective thermals continue to inflate the CBL. Through the day, the sea breeze circulation steers clockwise and the wind speed is enhanced by the west-north-west synoptic winds. By noontime (~9-11 UTC) this combination achieves maximum wind speeds, suppressing the CBL even lower. Due to the large distance (~30-50 km inland), the SBF reaches the eastern elevated complex terrain only in the afternoon (11) (12) . At sunset (~16-17 UTC), as the 120 insolation diminishes, the potential energy of the convective updrafts weakens therefore the https://doi.org/10.5194/acp-2019-790 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License.
CBL height drops. After sunset, the CBL finally collapses and a residual layer (RL) is formed above a SBL. The combination of a typical summer low RL and increased humidity (due to ground cooling), produces a low condensation level which forms shallow evening clouds. 
IFS and COSMO Models
The PBL short range forecasts were produced by two models used operationally by the IMS: the ECMWF (European Centre for Medium-range Weather Forecasts) Integrated Forecast System (IFS) model and the regional COSMO (consortium for small-scale modelling) model 130 (Table 2) . COSMO (~2.5km resolution) is based on the primitive thermo-hydrodynamic equations describing non-hydrostatic compressible flow in a moist atmosphere (Steppeler et al., 2003 , Doms et al., 2011 , Baldauf et al., 2011 . Its vertical extension reaches 23.5 km (~30 hPa) with 60 vertical model levels. The model runs a two-time level integration scheme based on a third 135 order of the Runge-Kutta method and a fifth-order of the upwind scheme for horizontal advection. Unlike IFS, the deep convection parametrization is switched off, while only the shallow convection is parametrized (Tiedtke, 1989) . COSMO has been running at the IMS over the Eastern Mediterranean (EM) (domain 25-39 E/26-36 N) with the same resolution since 2013, with boundary and initial conditions from IFS. In 2015, the IFS horizontal resolution 140 was ~13 km and 137 vertical levels. In 2016, the horizontal resolution was improved upon to reach ~10 km.
The resolution of all models influences their topography, causing the latter to vary from the real heights. Thus, in our research, which relied on the two aforementioned models, the PBL heights were corrected to the actual ones above sea level (Table 1) .
145
IFS profiles were limited to hourly resolution, while COSMO generated profiles every 15 minutes. To compare COSMO's PBL heights, a series of trials were performed to find the correct representation of hourly values as the last 15 minutes within an hour. 
Instruments

Ceilometers
Vaisala ceilometers type CL31 are commonly deployed worldwide, and are the main research tool in this study. CL31 is a pulsed, elastic micro-lidar, employing an Indium Gallium Arsenide In this study, CL31 ceilometers were located in diverse sites ( Fig.1) , with the exception of ceilometer CL51, which was stationed in the Weizmann Institute. CL51 consists of a higher signal and signal-to-noise ratio, hence the backscatter profile measurement reaches up to 15.4 km. One drawback is that calibration procedures were nonexistent in all sites, and in most 170 cases, maintenance procedures (cleaning of the ceilometer window) were not regularly carried out, with the exception of the IMS Beit Dagan ceilometer. However, the PBL detection algorithm utilized here (see Sect. 5.3) is based on a significant signal slope, therefore can be determined from uncalibrated ceilometers.
The diurnal PBL measured by the ceilometers is the CBL at daytime and RL at nighttime 175 (Ketterer et al., 2014) . In this research, the SBL was not investigated due to a constant perturbation within the first range gates at the overlap height between the emitted laser beam 
Radiosonde
Radiosonde (RS) type Vaisala RS41-SG is launched twice daily at 23 UTC and 11 UTC by the IMS in the Beit Dagan site, adjacent to the ceilometer. The radiosonde generates profiles of RH, 185 temperature, and pressure, as well as wind speed and wind direction. The PBL height was determined by profiles retrieved every 10 seconds at ~ 45 m height resolution. 
Methods
where g is the gravitational force , is the virtual temperature , is the difference in the virtual potential temperature along a vertical height of , and is the difference in the horizontal wind speed components. Essentially, the bulk Richardson number is a dimensionless 200 ratio between the two main forces in the troposphere, namely, buoyancy and wind shear.
The bulk Richardson number formula for a certain height (Hanna R. Steven ,1969 , Zhang et al., 2014 is given in the following manner:
where g is the gravitational force, is the virtual potential temperature at height Z, 0 is the virtual potential temperature at ground level ( 0 ) ( hence equals the virtual temperature -), U and V are the horizontal wind speed components at height Z. In this study, the hot and dry summer nights of the Israeli summer produce stable SBL described by values that are higher than the aforementioned thresholds. Such cases inhibit PBL detection by the bulk Richardson number method. Consequently, we focused on the daytime hours between 9-14 UTC when convective conditions prevail. 
The parcel method
The PBL height defined by the parcel method (Holzworth 1964 , Stull, 1988 , Seidel et al., 2010 as the height aloft at which the value of the virtual potential temperature reaches the that of the surface level. The calculation of the virtual potential temperature is as follows:
where 0 is the ground level atmospheric pressure, P is the at atmospheric pressure at height Z, Rd is the gas constant of dry air, Cp is the heat capacity of dry air in a constant pressure ( = 0.286).
The virtual temperature ( ) is obtained by:
where T is the temperature at height Z, e is the actual vapor pressure and is the ratio of the gas constant of air and water vapor ( =0.622). The actual pressure (e, Eq. (5)) is derived by the relative humidity (RH) profile. The saturated vapor pressure (es) is calculated by Eq. (6) based on the temperature profile. 
The IFS model creates profiles of specific humidity instead of RH, hence, we calculated the actual vapor pressure (e), given in Eq. (5), by the following equation:
where q is the specific humidity, P is the pressure at the height Z, and is the ratio of the gas constant of air and water vapor ( =0.622).
The wavelet covariance transform method
In our study, ceilometer PBL height is detected by the backscatter profiles above the height of the free atmosphere begins (Stull, 1988) . If no clouds exist, the algorithm defines an upper limit 250 as the lowest height among two categories: the point with the highest variance between consecutive steps (20 m resolution), or the first point with negative values corresponding to low signal-to-noise ratio. Finally, the wavelet covariance transform (WCT) method is operated along the backscatter profile within the aforementioned height limits.
The WCT method (Brooks Ian, 2003) , based on the Haar step function (Baars et al., 2012, is 255 given in Eq. (8) and Eq. (9) as follows:
where ( , ) is the local maximum along the backscatter profile ( ( )), 
The Haar function is equivalent to a derivative, representing the value difference of each step above and beneath the point of interest ( ). On clear days, the highest derivative (local maximum) occurs at the transition zone between the CBL and the free atmosphere. When 265 clouds do exist, the strongest gradients appear when light emitted by the ceilometer encounters the cloud aerosols, and the local maximum is indicated as the cloud base height. However, as previously mentioned, our algorithm denotes the PBL height as the top of the shallow cloud (Stull, 1988) . 270 6. Results
Comparison to in-situ radiosonde profiles
Statistical analysis of the Beit Dagan PBL heights mean error (ME), root mean square error (RMSE), and correlation (R) is presented (Fig. 2 , Table 3 ) at 11 UTC from radiosonde profiles, 275 the Beit Dagan ceilometer, and the two models. The PBL heights were derived by the bulk Richardson method (denoted by subscript R) and the parcel method (denoted by subscript P).
The analysis was carried out for 33 summer days (13 days from August 2015 and 20 from Aug 2016) available from all models and instruments. The PBL heights of the radiosonde obtained the same results by either method (RSP, RSR) and this was the base of comparison. The best 280 agreement was found between the ceilometer and the radiosonde results (ME=12, RMSE=97, and R=0.93). A large gap (800 m) was found between IFSR and the radiosonde's PBL on August 17, 2016 consisting of an uncommon multi-cloud layer. Consequently, the recorded imprecision could be due to fact that the Richardson method is based solely on dry thermodynamics for local turbulence (Von Engeln and Teixeira, 2013), while on August 17, 285 2016, the 11 UTC PBL height was determined through a multi-layer cloud formation (Fig.3 ). Beit Dagan) will be used as a reference for the spatial analysis where radiosonde measurements 290 are not performed.
Nevertheless
Spatial analysis by ceilometers
In the next stage, the same analysis was carried out at 11 UTC; this time, however, instead of focusing on only one location, it was performed on five ceilometer sites (Ramat David, Tel 295 Aviv, Beit Dagan, Weizmann and Jerusalem). Yet, in order to include the Beit Dagan single radiosonde launching in the PBL height measurements under uniform meteorological conditions, we were limited to 13 dates. When we evaluated the models' grid points corresponding to the ceilometers' sites, we discovered both models defined Tel Aviv within a grid point that was mostly over the Mediterranean Sea. Therefore, we shifted the Tel Aviv site 300 to an adjacent grid representing the Tel Aviv site in the same height and distance from shoreline within a grid point that was mostly land.
Exploration of the spatial evolution of the PBL height was implemented on 13 specific days retaining data from all instruments and models. Figure 4 
COSMO PBL height correction 320
Finally, we analyzed the spatial evolution of the PBL height over Israel based on COSMOR.
The COSMO model at 2.5 km resolution results were compared to the PBL heights discerned by eight ceilometer sites (Fig. 1, Table 1 ) for the daytime hours between 9 -14 UTC We must note that here, the mean error PBL height was based on all available dates for each site on August 2015, as detailed in the following figures. Figure 6 demonstrates the correction process for 14 UTC with a maximum correction of ~300 m over a complex terrain surrounding 335 Jerusalem (830 m a.s.l) and Nevatim (400 m a.s.l). A summary of the correction results appears in Fig. 7 . Apparently, this correction reduced the COSMO diurnal PBL height difference. As expected (see Sect. 2), at 9 UTC the PBL height is the highest over Tel Aviv and the lowest over Jerusalem. At 11 UTC, however, an opposite process occurs as the PBL height descends near the shore and ascends over mountainous Jerusalem. Finally, at 14 UTC, as the solar 340 insolation decreases, Tel Aviv PBL height is ~200 m lower than evaluated for midday (9 UTC), slowly descending over Jerusalem as well.
Conclusions
345
Earlier studies have successfully employed ceilometers for PBL height detection, typically under dry conditions. However, these studies employed weather models primarily as a validation tool rather than investigating the models' predictive capabilities. Here, we tested the accuracy of PBL height estimations from two operational models, the IFS global model (~ 9 and ~16 km resolution) and the meso-scale COSMO regional model (~2.5 km resolution). The models calculate the PBL height by the bulk Richardson method. Therefore, the PBL height estimations were relevant to daytime convection, which focused upon 11 UTC in our study.
The radiosonde and models' results were generated by the bulk Richardson method and the parcel method as well. The results were compared to the ceilometers' PBL heights in August 2015 and 2016 detected by the WCT method. 355 We found the best correlation (0.91) and lowest RMSE (109 m 
